Keller, 1995; Tapernoux-Lüthi et al., 2007; Schneider and Keller, 2009 ; Knaupp et al., 1 0 1 2011; Findling et al., 2015) . It is suggested that raffinose, rather than stacyose, plays 1 0 2 an important role in stabilizing photosystem II in chloroplasts during low temperature 1 0 3 stress in Arabidopsis (Iftime et al., 2011; Knaupp et al., 2011) . As a crop of In contrast to cold acclimation, cold de-acclimation is an important regulatory 1 0 9 mechanism to ensure plants restoring to their normal growth state when the stress 1 1 0 condition was removed. Unfortunately, although the accumulation of RFOs and its 1 1 1 physiological significance under stress conditions have been well studied in several 1 1 2 plants, how RFOs were catabolized after stress removal has received little attention. Alpha-galactosidases are responsible for the terminal galactose residue removing 1 1 4
during RFOs catabolism (Keller and Pharr, 1996) . There are 6 putative 1 1 5 α -galactosidase genes in the cucumber genome. These genes are divided into 2 groups, 1 1 6 3 acid α -galactosidase genes (GAL) and 3 alkaline α -galactosidase genes (AGA), 1 1 7 according to their activity in response to pH (Wang et al., 2016) . GALs are considered 1 1 8
to be localized in the apoplast space or vacuole, while AGAs are supposed to be 1 1 9
localized in the cytosol (Keller and Pharr, 1996; Tapernoux-Lüthi et al., 2007) .
Considering both RFOs and α -galactosidases reveal multiple subcellular localizations, In this study, in order to reveal the metabolic process of RFOs during cold stress, elucidate the catabolic process of RFOs after stress removal. Non-aqueous fractionation of leaves 1 4 9
The procedure was conducted according to Nadwodnik and Lohaus (2008) and in 20 ml of heptane:tetrachloroethylene mixture (density 1.3 g ml -1 ). Sonication was 1 5 4 performed for 2 min, with 6× 10 cycles at 65 % power. The sonicated suspension was 1 5 5 filtered through a nylon sieve (40 μ m). The sample was centrifuged for 10 min at heptane:tetrachloroethylene mixture (density 1.3 g ml -1 ). The suspension was added to 1 5 8 an exponential heptane-tetrachlorethylene gradient with a density between 1.27 and 1 5 9
1.50 g ml -1 . After centrifugation for 60 min at 5,000 × g and 4 °C, six fractions were 1 6 0 collected, aliquots of which were taken for the determination of the marker enzymes, Chloroform methanol extracts were prepared from the aliquots mentioned above for Galactinol, stachyose, raffinose, galactose, and sucrose were analyzed by HPLC 1 6 8 methods as described previously (Miao et al., 2007) . For enzymes assay, fractions 1 6 9 from gradient centrifugation were washed by 3 volumes of C 7 H 16 and lyophilized. centrifuged at 28,000×g for 5 min and the supernatant was passed through a 0.45 μ m 1 7 8
filter. The content of raffinose was determined by HPLC. Enzyme activity is given as 1 7 9 μ mol of raffinose formation per hour (Sui et al., 2012) . The assay of STS was the 1 8 0 same as that of RS, except galactinol was replaced by raffinose in the reaction system. manufacturer's instructions. pEGFP-N1(U55762). These two fragments were inserted into the vector 2 1 9 pCambia1381*c using restriction enzymes mentioned above. All α -galactosidase 2 2 0 genes were further cloned into the vector "pCambia1381*c:: CaMV 35S:: EGFP". The primers and restriction enzymes used are list in the Supplementary Table S2 . The CaMV 35S promoter cloning, and EcoR I and BamH I were used to clone EGFP 2 2 5 fragments.
6
Transient transformation of onion epidermis was carried out according to Xu et al. tumefaciens strain LBA4404. Agrobacterium cultivated overnight at 28°C was 2 3 0 harvested at OD 600 of 1.5 to 2.0, centrifuged at 5000 rpm for 10 min and resuspended 2 3 1 in 50 ml of infiltration liquid (50g l -1 sucrose+100mg l -1 acetosyringone). Adaxial 2 3 2 onion epidermis 1 cm 2 was incubated in the infiltration liquid for 30s and then 2 3 3 9 cultured on the 1/2 MS solid medium (30g l -1 sucrose, 7g l -1 agar, pH 5.8) for 2 d 2 3 4 ( 25°C, 16h/8h). Plasmolysis cells were obtained by adding 300g l -1 KNO 3 on the 2 3 5 tissue for 5min before fluorescence microscope observation (Zeiss LSM710).
3 6
Transient transformation of tobacco leaves was mainly according to Sparkes et al. 2006) . Basically, the underside of the tobacco leaf was punctured with a small needle. Since RFOs will accumulate after cold stress (Sui et al., 2012) , cucumber leaves were by non-aqueous fractionation method and the results are summarized in the Table 1 . Stachyose and galactose were almost exclusively found in the vacuole, sucrose and 2 5 2 raffinose were distributed in all three compartments, while galactinol was located 2 5 3 mainly in the vacuole and cytosol. Three RFOs synthesis enzymes, GS, RS and STS, 2 5 4
were mostly located in the cytosol. The GAL activity was mainly found in the vacuole 2 5 5
whereas the AGA activity was mostly distributed in both chloroplast and cytosol 2 5 6 (Table 1) . According to the subcellular distribution of sugars (Table 1) , levels of galactinol, fluctuations of sugar levels were found in control plant leaves during the treatment 2 7 0 ( Supplementary Fig. S1 ). of CsGS4 was stronger than that of CsGS1, while the expressions of CsGS2 and 2 7 7
CsGS3 were not detected by the northern blot. Cold treatment had no significant were enhanced by the low temperature, and RNAs of CsGS2 and CsGS3 could be 2 8 0 detected at the 3rd day of cold treatment. After the stress removal, the RNAs levels of 2 8 1 these three genes declined gradually. At the 3rd day of temperature recovery, the 2 8 2 expression of CsGS3 fell below the detection limit ( Fig. 2A) . The GS activity was increased under the cold stress and decreased after the stress removal (Fig. 2B) . The RS showed a similar expression pattern to that of the CsGS2, CsGS3 and 2 8 6
CsGS4. The RNA level of RS was significantly up-regulated by the low temperature, and then declined after the stress removal (Fig. 3A) . The RS activity also increased, and was higher than that of control plant at the 3rd day of recovery (Fig. 3B) . No clear down-regulated by the cold stress and then restored to normal levels after cold stress 3 0 1 removal (Fig. 4 B) . Both GAL and AGA activities were measured in different 3 0 2 subcellular compartments (Fig. 5 ). Two substrate, raffinose and stachyose were used 3 0 3
in the enzyme assay. The GAL activity was higher with the substrate raffinose, while 3 0 4
AGA activity was higher with stachyose. The fluctuation patterns of enzyme activities 3 0 5
with two substrates were similar in all treatments. In vacuole, the GAL activity 3 0 6
remained unchanged during cold stress and increased significantly after stress 3 0 7
removal. In chloroplast and cytosol (Fig. 5A, C) , the AGA activities were 3 0 8 down-regulated by the low temperature and then up-regulated by the stress removing 3 0 9
( Fig. 5 B, D) . No significant fluctuation of GAL or AGA activities was found in 3 1 0 control plant leaves during the treatment ( Supplementary Fig. S2 ). These results 3 1 1 indicated that GAL3, AGA2 and AGA3 were important for RFOs catabolism during 3 1 2 the temperature recovery. To obtain further insight into the mechanism of RFOs catabolism after cold stress 3 1 6 removal, an EGFP protein was fused to the N-terminus of 6 galactosidases, and placed under the control of the CaMV 35S promoter. These constructs were transiently 3 1 8 expressed in the onion epidermal cells. To distinguish the cell wall and the cytosol in mosaic virus and heat stress did not affect the expression level of CmGolS1, but rice alkaline galactosidase, was found to be located in the chloroplast and play a role 4 0 0 during leaf senescence (Lee et al., 2004) . In this study, cucumber AGA3 protein was 4 0 1 found in the chloroplast and its expression was down-regulated by the cold stress and function (Findling et al., 2015) . The data of this study also indicated that another 4 0 6 alkaline galactosidase, AGA 2, is responsible for RFOs catabolism in the cytosol after 4 0 7 temperature was recovered to normal level. In conclusion, our results indicate that RFOs accumulated during cold stress in that RFOs are translocated to other subcellular compartments for degradation. Fig.4 . Expression of α -galactosidases in cucumber leaves during cold stress and recovery. A: acid-α-galactosidases (GAL); B: alkaline-α-galactosidases (AGA); N: Normal temperature (28°C/22°C); C: Cold stress(15°C /8°C); C0, C1, C2, C3: cold stress for 0 d, 1 d, 2 d and 3 d; R1, R2, R3: temperature was restored to normal level for 1 d, 2 d and 3 d.
Figure legends

Fig.5. Changes of
α -galactosidase activities in different subcellular compartments of cucumber leaves during cold stress and recovery. A and C: using raffinose as substrate; B and D: using stachyose as substrate; C0: Cold stress for 0 d; C3: cold stress for 3d; R3: the 3rd day after stress removal. Means±SE (5 samples) followed by different letters are significantly different (P <0.05).
Fig.6.
Subcellular localization of acid-α-galactosidases (GALs) and alkaline-α-galactosidases (AGAs). GFP-GAL and GFP-AGA fusion proteins and GFP alone expressed under the control of the CaMV35S promoter in onion epidermal cells were observed under a fluorescent microscope. A1and A2: GAL1; B1and B2: GAL2; C1and C2: GAL3; D1and D2: AGA1; E1and E2: AGA2; F1and F2: AGA3; G1and G2: GFP alone. A1, B1, C1, D1, E1, F1, G1: Differential interference contrast images; A2, B2, C2, D2, E2, F2, G2: GFP fluorescence signals. To distinguish the cell wall and the cytosol in these highly vacuolate cells, plasmolysis was carried out before transformation. Bars=50μm. Fig.7 . Subcellular localization of alkaline-α-galactosidases (AGAs). GFP-AGA2 fusion protein (A1, A2 and A3), GFP-AGA3 fusion protein (B1, B2 and B3) and GFP alone (C1, C2 and C) expressed under the control of CaMV35S promoter in tobacco leaf cells were observed under a confocal microscope. The left column (A1, B1 and C1) shows green channel (GFP signal, 488 nm), the middle column (A2, B2 and C2) shows red channel (chloroplast autofluorescence signal, 633nm), and the right column (A3, B3 and C3) shows merged images. Bars=10μm. 3 
